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Abstract 

A simple extension of the Standard Model providing Majorana magnetic 
moments to right-handed neutrinos is presented. The model contains, in 
addition to the Standard Model particles and right-handed neutrinos, just a 
singly charged scalar and a vector-like charged fermion. The phenomenology 
of the model is analysed and its implications in cosmology, astrophysics and 
lepton flavour violating processes are extracted. If light enough, the charged 
particles responsible for the right-handed neutrino magnetic moments could 
copiously be produced at the LHC. 
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1. Introduction 

In ref. [H we studied the most general effective Lagrangian built with 
the Standard Model (SM) fields plus right-handed neutrinos up to operators 
of dimension five. We found this Lagrangian contains only three nonrenor- 
malizable operators, one of them being the well known Weinberg operator [3| 
which only involves the SM lepton doublets and the Higgs doublet. The other 
two contain an interaction of right-handed neutrinos with the SM Higgs dou- 
blet and a Majorana electroweak moment for the right-handed neutrinos. 
This last operator is particularly interesting and can have a variety of phe- 
nomenological consequences in cosmology, astrophysics and at colliders 
Of course, it is interesting to have explicit models in which these nonrenor- 
malizable interactions arise naturally because one can use them to check 
the general features of the effective Lagrangian approach and extend them 
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outside the realm of validity of the effective field theory. This is especially im- 
portant if the particles responsible for the new interactions are light enough 
as to be produced at the next generation of colliders. 

Here we present a very simple model which gives rise to right-handed 
neutrino electroweak moments; it includes, in addition to the SM fields and 
the right-handed neutrinos, a charged scalar singlet and a charged singlet 
vector-like fermion. We obtain the tree level and one-loop contributions 
to the dimension five effective Lagrangian, and in particular we compute the 
contribution to the right-handed neutrino electroweak moments. We perform 
a thorough phenomenological analysis of the model, paying special attention 
to the case in which the new charged particles are light enough to be pro- 
duced at the Large Hadron Collider (LHC). Thus, in section [2] we define the 
model and compute the one-loop contribution to the electroweak moment of 
right-handed neutrinos. The simplest version of the model, in which several 
couplings are set to zero by using global symmetries, contains stable charged 
massive particles (CHAMPs) which are strongly disfavoured from cosmolog- 
ical and astrophysical considerations. To avoid such problems we extend 
minimally the model by allowing a soft breaking of the symmetries, which 
is enough to induce CHAMP decays; such decays are studied in section [231 
The model also induces some tree-level lepton flavour violating (LFV) pro- 
cesses like \i — > 3e which are studied in section 12 .41 In section [3] we discuss 
briefly the one-loop contributions of the model to the effective Higgs-i^ op- 
erator. In section 0] we compute the production cross section of the charged 
particles at the LHC and discuss their observability as a function of their 
masses. Finally, in section [5] we present our conclusions. 

2. The model 

As discussed in ref. the most general dimension five interactions among 
SM fields and three right-handed neutrinos can be written aa3 

A = ^o^vrB^ + (!</>) x i) - (0V) v&"R + h-c. (1) 



lr The reader should note a difference in notation respect to where we used v' to 
denote the neutrino ffavor eigenfields. As in the present work we are not going to discuss 
the diagonalisation of the neutrino mass matrices we will just use v to represent the flavor 
eigenfields. 
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where t = (^) denotes the left-handed lepton isodoublet, e R and v R the cor- 
responding right-handed isosinglets, and <fi the scalar isodoublet (family and 
gauge indices will be suppressed when no confusion can arise). The charge- 
conjugate fields are defined as e° R = Ce^, v c R = Cv 1 ^ and t = eCl T , (ft = e(f>* 
where e = 102 acts on the SU(2) indices. The hypercharges assignments are 
: 1/2, i : -1/2, e R : -1, u R : 0. The SU{2) and U(l) gauge fields are 
denoted by W and B respectively (gluon and quarks fields will not be needed 
in the situations considered below). The couplings x, £, C have dimension 
of inverse mass, which is associated with the scale of the heavy physics re- 
sponsible for the corresponding operator. Xt and £ are complex symmetric 
3x3 matrices in flavour space, while ( is a complex antisymmetric matrix 
proportional to the right-handed neutrino electroweak moments. 

The different terms in eq. (pQ) and their phenomenological consequences 
were discussed in [l|. Here we are more interested in models that could 
give rise to £. This can only occur at the one-loop level and the models 
should necessarily involve either a scalar-fermion pair with opposite (non- 
zero) hypercharges and having Yukawa couplings with both v R and u R , or a 
vector-fermion pair with the same properties. Here we will consider only the 
first (simpler) possibility. Thus we enlarge the SM by adding a negatively 
charged scalar singlet u, Y(lo) = —1, and one negatively charged vector-like 
fermion E (two chiralities and no generation indices) also with Y(E) — — 1. 

We can then write the Lagrangian as 

£ = ^SM + ^NP 5 (2) 

where £sm is the SM Lagrangian while the new physics Lagrangian, £np, 
collects all the terms containing any of the new particles, including among 
them the right-handed neutrinos. We write Csm as 

Csm =ilfl£ + mp e R + QY e e R + h.c.) + • ■ ■ (3) 

with Y e the Yukawa couplings of charged leptons which are completely general 
3x3 matrices in flavour space; the dots represent SM gauge boson, Higgs 
boson and quark kinetic terms, quark Yukawa interactions and the SM Higgs 
potential. We divide the new physics contribution, C^p, in different terms: 

C-NP = C-K + £-Y — VnP + C-Extra (4) 

Ck describes the kinetic terms of the new particles 
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C K = D^ujW^uj + iEfl E - m E EE + %v R p R - (\ c R M R v R + h.c. J (5) 

with M R the Majorana mass term of right-handed neutrinos, which is a com- 
plex symmetric matrix in flavour space. Ly contains the standard Yukawa 
interactions of right-handed neutrinos and the Yukawa couplings of right- 
handed neutrinos with the particles needed to generate the electroweak mo- 
ments: 

£ Y = jY v v R + u%h'E uj + + v^hE uj + + h.c. (6) 

Y v is a general 3x3 complex matrix and, if there is just one E, h and h' are 
vectors in generation space. The ui contributions to the scalar potential are 

Vnp = m^ 2 M 2 + AJ^| 4 + 2A^|cu| 2 0V, ml = m* + Xu+v 2 (7) 

Where v is the vacuum expectation value of the Higgs doublet, ((f)' (f)) = v 2 /2, 
and the A's are quartic scalar couplings. We assume A, A^ > and AA W > A 2 ^ 
to insure global (tree-level) stability, as well as m 2 > in order to preserve 
U(l) cm . It is important to remark that with only one Higgs doublet there 
cannot be trilinear couplings between the doublet and the singlet, u. Then, 
the potential has two independent U{1) symmetries, one for the singlet and 
one for the doublet. 

In addition, the SM symmetries allow the following Yukawa couplings and 
mass terms 

C Ex tra = E L Ke R + lY E E R <p + lf£oo + + e R f'u c R oj + h.c. (8) 

which can be set to zero by imposing a discrete symmetry which affects only 
the new particles 

E -> -E , uo -> -u (9) 

In this case all low-energy physics effects will be loop generated 0|. Notice 
that the resulting Lagrangian has a larger continuous symmetry 

E -> e ia E , uj -> e ia uj (10) 

which is not anomalous, therefore there is a charge, carried only by E and 
uj which is exactly conserved. In that case, the lightest of the E or uj will 



4 



E 



E~ 



E 
-*- 



:--< 



B 



B 



(a) (b) 
Figure 1: Contributing diagrams to the right-handed neutrino electroweak moment. 

be completely stable becoming a CHAMP, which could create serious prob- 
lems in standard cosmology scenarios. However, such problems can easily 
be evaded by allowing some of the terms in eq. ((8|). We will return to this 
issue after verifying that the model indeed generates a right-handed neutrino 
magnetic moment. 

2.1. The magnetic moment 

In the model considered we have two diagrams, depicted in figure [U con- 
tributing to the v R Majorana electroweak moment: a) loop with the B gauge 
boson attached to the E and b) loop with the B gauge boson attached to 
the scalar uj. 

For M R <C m E , m w we can neglect all external momenta and masses and 
the calculation of the diagrams simplifies considerably. The final result can 
be cast as a contribution to the effective magnetic moment operator in eq. (DQ). 
We find 



g'f(r) 



(Air) 2 Am E 
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with r = (m^/mE) 2 , g' the B^ gauge coupling and 
1 



f(r) 



+ 



log(r) 



1, r < 1 
1/2, r = l 
(log(r) — l)/r , r > 1 



1-r (1- 

For an estimate we can take, for instance, m u = and {h[h* — h'-hf) 



(12) 



0.5 while g' = \JaAn/cw ~ 0.35, then ( ps 10 4 /mg (for uie 3> there 
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will be a factor 2 enhancement and for m E <C m u there will be a suppression 
by roughly a factor (m^/m^) 2 ); these values are in agreement with the esti- 
mates obtained using effective field theory. In terms of A NP = 1/C we have 
Atvp = 10 4 m£. Present bounds from LEP and Tevatron give uie > 100 GeV, 
which imply A^p > 10 6 GeV. This can be compared with direct bounds that 
can be set on the right-handed neutrino electroweak moments derived in [l| . 
As expected, collider limits on E production are much more restrictive than 
collider limits derived from the induced electroweak moment interaction. Af- 
ter all, the electroweak moment interaction is generated at one loop. How- 
ever, if the right-handed neutrinos are relatively light (below 10 MeV) bounds 
from transition magnetic moments coming from supernova cooling (which are 
Atvp > 4 x 10 6 GeV) or red giant cooling (which are A NP > 4 x 10 9 GeV for 
m N % lOkeV) can be much stronger. 

2.2. Eoruas CHAMPs 

The model as described so far contains only the couplings necessary to 
generate the right-handed neutrino Majorana electroweak moments. But it 
is clear that the trilinear vertices VrEuj^ and v c r Euj^ alone cannot induce 
decays for both the E and the u>. The lightest of the two will remain stable 
and could then accumulate in the galaxy clusters, appearing as electrically 
charged dark matter. The idea that dark matter could be composed mostly of 
charged massive particles was proposed in 0, 0| and it is strongly constrained 
from very different arguments 0, 0, @, One might still consider the 
possibility of having massive stable E or uj particles within the reach of 
the LHC, but with a cosmic abundance lower than the one required for 
dark matter. Unfortunately, such scenario seems also to be excluded: if 
one assumes, as in pj, that the £"s and ui's were produced in the early 
universe through the standard freeze-out mechanism [HI], the bounds from 



interstellar calorimetry [10j and terrestrial searches for super-heavy nuclei 
0, 0] completely close the window of under- TeV CHAMP abundances. 

There is, however, a way to escape all these bounds. A recent paper 
fl~2| notes that CHAMPs, if very massive or carrying very small charges, 
are expelled from the galactic disk by the magnetic fields. That situation 
prevents any terrestrial or galactic detection and leaves room for CHAMPs 
to exist. The bound specifically states that particles with 100(Q/e) 2 TeV < 
m < 10 8 (<5/e) TeV are depleted from the disk, and in fact our model (if we 
forbid the terms in eq. (jH|)) does not fix the hypercharge of E and u>, so they 
can be millicharged. Unfortunately, this situation is not interesting for our 
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purposes, for this kind of CHAMPs would give rise to very small neutrino 
magnetic moments and wouldn't show up in the future accelerators, either 
due to their heavy masses or to their small couplings. 

In conclusion, we need an additional mechanism for E or u decays. The 
easiest way to accomplish this is by allowing one or more of the couplings in 
eq. (jHJ), which can be taken small, if needed, by arguing that f fTOl) is an al- 
most exact symmetry. We discuss one of the possibilities in section [2731 The 
scenario of decaying CHAMPs has, on its own, a number of advantages and 
drawbacks. Some recent papers [13j, llJ] have pointed out that the presence 
of a massive, charged and colourless particle during the process of primordial 
nucleosynthesis might lead to an explanation for the cosmic lithium prob- 
lem. Also, the decay of massive particles during nucleosynthesis could have 
a dramatic influence in the final abundances of primordial elements, which 
provides us with bounds on the lifetime and abundance of CHAMPs that 
could be useful. 



2.3. Allowing for CHAMP decays 

If the particles have to decay the global symmetry (PTOl) has to be broken, 
and for that it is enough to allow some of the terms in eq. (JSj) . For the sake 
of simplicity, we will consider only the case where the symmetry is softly 
broken by El-€r mixing^ 

C K = E L ne R + h.c. (13) 

This term will induce decays of E into SM particles much like the heavy 
neutrino decays in seesaw models, since only this mixing links the E to the SM 
degrees of freedom. After diagonalisation of the charged lepton mass matrix 
one obtains interactions that connect the E to W + v, Z + and H + i"* 1 . 
As the current bound on heavy charged leptons require that rriE > 100 GeV, 
the W and Z will be produced on-shell; the Higgs channel may or may not 
be open depending on the actual value of the Higgs and E masses^. 

The uj, on the other hand, has to decay through the Yukawa Ev R u ver- 
tices; either directly to E + ur if m u > the or to e + vr suppressed by the 



2 Since this choice breaks iflOl) softly, none of the other terms in eq. ((5]) need be intro- 
duced for the model to remain renormalizable. 

3 Note that, as J7(l) C m is not broken, flavour-changing vertices involving a photon cannot 
appear at tree level; T(E — > ej) must be at least a one-loop effect, and thereby suppressed. 
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mixing K. The simplest situation then arises if m w > m E , for in that case 
the o>'s will decay into on-shell £"s, which in turn will decay in the afore- 
mentioned way. In what remains, for simplicity, we shall restrict ourselves to 
this specific case. 

In figure [2] we present the branching ratios for the decays of the E. As the 
decays are controlled by the would-be Goldstone part of the W and Z (and 
the Higgs boson if allowed kinematically) they are always proportional to the 
Yukawa couplings of the charged leptons; therefore, if all the k's are of the 
same order, the E will decay mainly to the leptons of the third family. We can 
see that for relatively low masses the dominant channel is E — > Wv T while for 
very large masses the ratios tend to the equivalent-Goldstone approximation: 
0.5 for the W channel and 0.25 for the Z and H channels. 
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Figure 2: Dominant decay branching ratios of the vector-like fermion E. The decays 
are suppressed by the mass of the charged leptons, thus we have only represented decays 
into the third family. The Higgs boson mass has been taken to the present best fit, 
m H = 129GeV. 

The decay rates of the E fermion are presented in figure [3] for k t — 1 GeV. 
Notice that the rates decrease for large m^. This is because the decays 
proceed through the mixing E-t and this is suppressed by factors m T /m E ; 
thus the increase in phase space for large uie is compensated by these factors. 
For the chosen value of n T the decay widths are of the order of the eV. For 
widths of this order of magnitude the E's will not be present at the time 
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of primordial nucleosynthesis and will not affect it. Note, however, that the 
decay rates depend on and n T is relatively free, thus the decay rates 
can vary in several orders of magnitude depending on the value of k t . For 
k t < !CT 7 GeV the CHAMPs will affect nucleosynthesis and, as commented 



above, might help to solve the cosmic lithium problem 
require k t > 10~ 16 GeV to avoid CHAMPs at the present epoch. 



13, bj. We also 
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Figure 3: Dominant decay rates of the vector- like fermion E with the same assumptions 
made in figure [2l For these estimates we have taken k t = 1 GeV. 



2.4. Lepton Flavour Violating processes 

For general k's and Yukawa couplings Y e , family lepton flavour is not 
conserved; one might then worry about possible bounds set by processes like 
[i — > 3e, /i — > e7 or r — > 3/i. We now determine whether the bounds on those 
rare processes can impose restrictions on the parameters of our model. 

The easiest way to calculate the amplitudes for these processes is by using 
an effective Lagrangian obtained by integration of the E field. This integra- 
tion is performed by using the equations of motion for E and expanding in 
powers of I/jhe (for a detailed example of the integration of a singly charged 
scalar see |l5|). One then obtains 

£lfv = — l —eRn^ip 3 e R + ■ ■ ■ (14) 

m% 
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which, after the use of the equations of motion and spontaneous symmetry 
breaking leads to a lepton flavour violating interaction of the Z gauge boson 
with left-handed charged leptons, 



v 2 



£lfv = 7> V^ClfvT^l , C LFV « —^Y e KK^Y} . (15) 

2swCw 2m|; 

Clfv is a matrix in flavor space which is not, in general, diagonal; therefore, 
eq. (fT5l ) will induce processes such as ji — > 3e and r — > 3/i. Without loss of 
generality we can take V e diagonal with elements proportional to the charged 
lepton masses; then we can estimate the branching ratio for the \i — > 3e 
process as 



r(/x — > 3e 



(K«t) 



- 3e) = ^ » ^ (16) 



r(// — > ew) m|, 

Our effective Lagrangian is an expansion in powers of 1/rriE which could be 
compensated, in part, by kk) factors in the numerator; thus, for consistency, 
we should require k < m E which allows us to establish an upper bound 
for the branching ratio. Recalling also that the present limit on the mass 
of charged heavy leptons is around 100 GeV, and therefore we should have 
rriE > 100 GeV, we obtain 



M <" - 3e > < ((I55%V < io- (it) 



to be compared with present boundqll which are of the order of 10~ 12 . If 
we apply the same reasoning to r — ► 3/i we see that the branching ratio is 
enhanced by a (m T /m e ) 2 factor 



T(r — ► 3/i) / m T m^ 



2 



R{T - 3 "> s W^F) < S ) < 10 "° (18) 

which is still under the present sensitivity for this ratio, which is about 10~ 7 . 

Another very restrictive process is \i — > ej, which is bounded at the 10~ n 
level, BR(fi — > e-y) < 1.2 x 10~ n . This limit will be improved in a close 



future by the MEG experiment by two orders of magnitude [Hfl. However 



4 All experimental limits are taken from[l(|. 
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this process can only arise at one loop and it is suppressed by loop factors; 
therefore, we do not expect stringent bounds from it. The contributions to 
the oblique parameters are suppressed by powers of the fermions masses and 
are too small to be observed at the currently available precision. 

Finally, /x-e conversion in nuclei also provides strong limits in general; for 
instance, /i-e conversion on Ti gives cr(/i - Ti — > e _ Ti)/cx(/i~Ti — > capture) < 
4.3 x 10~ 12 . In our model, the process is induced by exactly the same interac- 
tion (fT5l) that gives ji — > 3e, and we again do not expect, at present, a strong 
bound from /i-e conversion. However, given the future plans to improve the 
limits by several orders of magnitude, then perhaps /i-e conversion will pro- 
vide the best bound for LFV processes in this model. In any case, current 
data on LFV processes cannot constrain this mechanism for E decays. 

3. The u R mass and the effective Higgs boson interaction with v R 

The model we have discussed contains several sources of lepton number 
non-conservation: the right-handed neutrino Majorana mass and the h and 
h! couplings (if both of them are different from zero). Then it is interesting to 
ask what is the natural size of the right-handed neutrino Majorana masses, 
since, even if they are set to zero by hand, radiative corrections involving 
couplings that do not conserve lepton number will generate them. In fact, by 
removing the photon line in the diagrams that give rise to the electroweak 
moments, figure CD, one obtains a renormalization of the right-handed neu- 
trino Majorana mass. The diagrams are logarithmically divergent and give 
corrections of the type 



(if the scalar u is much heavier than the E, this contribution will have an ex- 
tra suppression (m^/m^) 2 ). It is then natural to require Mr > h'hmE/{^Ti) 2 - 
Of course these type of contributions can be renormalized into Mr which, 
after all, is a free parameter of the theory. 

In addition, similar diagrams with a vertex (<ft4>)\uj\ 2 attached to the uj 
field (see figure [4]) give a finite contribution to the (0V) v rZ, v r operator that 
cannot be avoided. A simple calculation gives 



h'h 



(19) 



(4tt) 2 



m E 
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Figure 4: Diagram contributing to the (</>'</>) v^vr operator. 

where f<j>{r) can be written in terms of /(r), defined in eq. (1T21) : /^(r) = 
4/(l/r)/r. After spontaneous symmetry breaking this operator gives addi- 
tional contributions to the right-handed Majorana neutrino mass 

SM R ~ (21) 

Therefore, at least, one should require 

Ag^Twg ^ A^ 10Q GeV „ j MeV (22) 
w (Aix)Hm E (4tt) 2 v ; 

where we took h' = h = = 0.1. By taking smaller couplings, smaller 
right-handed neutrino masses would be natural (for instance for h' = h = 
A<j<£ = 0.01 one obtains M R > IkeV). 

4. The Model at colliders 

In spite of the fact that the new particles are SU{2) singlets and only 
have Yukawa couplings to right-handed neutrinos, they are charged and can 
be copiously produced at the LHC, if light enough (< ITeV), through the 
Drell-Yan process. 

The cross sections for proton-proton collisions can be computed in terms 
of the partonic cross sections using the parton distribution functions of the 
proton (for a very clear review see for instance in figure [5] we present 

the results^! for the production total cross sections at the LHC (y/s = 14TeV) 



'We have used the CTEQ6M parton distribution sets [19]. One could also include next- 
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Figure 5: Production cross sections of the charged particles at the LHC {\fs = 14TeV) as 
a function of their masses, m represents either the ox depending on the process and 
X represents that other hadronic or leptonic products are expected in a proton-proton 
collision. 

as a function of the E and uj masses, mg and m u (both represented by m in 
the figure). Since the particles are produced by 7 and Z exchange, there are 
no unknown free parameters except the masses of the particles. We see that 
cross sections from lfb to 1 pb are easily obtained for the production of E for 
masses between 700 GeV and 100 GeV. For the same masses the production 
cross section for uj is roughly one order of magnitude smaller. 

Once produced in pairs, the particles have to be detected and identi- 
fied. The characteristic signatures for this identification are very different 
depending on the lifetimes of the particles, mostly because if the E and uj 
are long-lived they can be tracked directly in the detectors or, at least, be 
identified through a displaced decay vertex. The parameter relevant for this 
behavior is k, the E — e mixing. 

For k < 1 MeV, the E's will have decay lengths roughly over 1 centime- 



to-leading-order corrections by multiplying by a if -factor which typically would change 
cross sections by 10 — 20%. Results have been checked against the CompHEP program [20j, 
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teJU, in fact, for k < 0.2 MeV, they will go through the detector and behave 
as a heavy ionizing particle. A lot of work has been carried to analyse the 



signatures of CHAMPs inside the detector (see, for example, [22|, and [23 
for a recent improvement), and also displaced vertices have been discussed 
(see, for example, [2I, [2^). If k > 1 MeV the £"s will decay near the collision 
point and behave as a fourth generation charged lepton. 

Discovering the u;'s can be much harder, because they will be produced at 
a significantly lower rate and the signatures of their decays depend strongly 
on the details of the model. In the > uie scenario, they will decay quickly 
into an E and a heavy neutrino (at least if we want h and hi large enough to 
have significant electroweak moments) and then one has to rely again on the 
detection of E's unless the heavy neutrino provides a cleaner signal, which 
is unlikely. In any case, we think that the i?'s, produced in a much greater 
number, should be considered the signature of this model, and perhaps the 
doorway to understand the u and heavy neutrino decays. 



5. Conclusions 

We have presented a simple model that generates right-handed neutrino 
magnetic moments and studied its phenomenology. The simplest version of 
the model contains CHAMPs (charged massive stable particles) which could 
present some problems with standard cosmological scenarios. These problems 
can easily be evaded by allowing additional couplings in the Lagrangian. 
The model can then give rise to various LFV processes at tree level such 
as \x — > 3e; however, we have verified that the rates of these processes are 
strongly suppressed and are well below present and near-future experimental 
constraints. 

The same interactions that generate the right-handed neutrino magnetic 
moments will also generate, at one loop, the last operator in eq. (pQ) which 
provides a lepton number non-conserving interaction between neutrinos and 
the SM Higgs boson. This interaction gives an additional contribution to the 
right-handed neutrino Majorana mass; it is also interesting because could 
lead to an invisible Higgs decay [2]. We have computed it and discussed 
some of its consequences. 



6 Note that there's room in the parameter space for this kind of effects even if one 
requires that CHAMPs do not affect the primordial nucleosynthesis, for if k > 100 eV all 
the E's will have decayed before nucleosynthesis. 
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Finally, since the particles responsible for the right-handed neutrino mag- 
netic moment are charged, if light enough they can copiously be produced 
at the LHC through the Drell-Yan process. We found that the cross sections 
for Drell-Yan production of E'a range from 1 fb to lpb for masses between 
700 GeVand 100 GeV. For the same range of masses the production cross 
section for u is roughly one order of magnitude smaller. 

In short, we showed that a very simple model giving rise to right-handed 
neutrino magnetic models compatible with all existing constraints can easily 
be constructed. If the right-handed neutrinos are relatively heavy (> 10 MeV) 
bounds on vr magnetic moments from red giants or supernovae do not ap- 
ply [l| and the charged particles responsible for the magnetic moments could 
be light enough as to be produced and detected at the LHC. 
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